In primary cultured monolayer hepatocytes of adult rats, insulin (1 x 10-8 M) induced glucose-6-phosphate dehydrogenase [EC 1.1.1.49, G6PDH] several fold in 48 h. It also induced lipogenesis, measured as [1-14C] acetate incorporation in 2h, in these cells. Of the various lipids, triglycerides and phospholipids were induced markedly, while cholesterol and its esters were not induced.
The increase of G6PDH and lipogenesis were parallel.
Glucagon, dibutyryl cyclic AMP, triiodothyronine, dexa methasone, epinephrine, isoproterenol, and dibutyryl cyclic GMP were also tested under similar conditions, but none of them caused significant induction of G6PDH or lipogenesis.
Use of anti-G6PDH serum showed that induction of G6PDH by insulin was due to increase in the amount of enzyme protein.
Insulin was found to increase the rate of synthesis of G6PDH about 3-fold.
SDS-polyacrylamide gel electro phoresis of the immunoprecipitable protein revealed that besides G6PDH another radioactive fraction (Mr 37,000) was increased by insulin.
This suggests that com plete synthesis of G6PDH protein is slowed down in primary cultured hepatocytes and that an apparent nascent peptide of the enzyme accumulates. Although on long-term treatment (48 h), glucagon and dibutyryl cyclic AMP had no effect on lipogenesis, when added with [14C]acetate for 2 h they strongly inhibited lipogenesis.
Significant inhibition of lipogenesis by short-term treatment with glucagon was seen even in cells with a high capacity for lipogenesis induced by long-term treatment with insulin.
Insulin again stimulated lipogenesis in short-term treatment, but its effect was slight. It is concluded from these results that insulin exerts long-term stimulation of lipogenesis by inducing enzymes related to lipogenesis including G6PDH as well as causing slight stimulation by enhancing supply of substrate for lipogenesis. Glu cagon seems to play a minor role in long-term control, but it causes short-term inhibition of lipogenesis.
The biosynthesis of long chain fatty acids is regulated by not only the nutritional state, but also the hormonal state (1) (2) (3) . Long-term regulation of fatty acid synthesis involves changes in the amounts of lipogenic enzymes (3) (4) (5) (6) , while short term control of lipogenesis involves changes in the supply of substrates (7) (8) (9) (10) .
Glucose-6-phosphate dehydrogenase [EC 1.1.1. 49 , G6PDH1] is a key enzyme in lipogenesis and its activity is reduced during starvation and increased by feeding a high carbohydrate, fat-free diet (11) (12) (13) . Hormonal factors have been implicated as regulators of this nutritional induction of G6PDH (11, (14) (15) (16) (17) (18) and insulin is thought to be the main inducer under physiological conditions (14, 15, 19) . However, it is still uncertain whether this hormone is the only regulator of enzyme activity (20) (21) (22) . The exact relation between changes of G6PDH and lipogenic activities and the long-term and short term hormonal controls of lipogenesis are also unknown.
The complexity of conditions in vivo makes it difficult to obtain clear cut results on the mech anisms of enzyme induction and metabolic regula tion caused by the nutritional state and hormones. However, we recently showed that primary cul tures of adult rat hepatocytes were a suitable in vitro system for studies on hormonal and nutri tional regulation of enzymes and metabolic activ ities in the liver (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) .
Using these cells, we showed that insulin induced G6PDH and malic enzyme (35) . Recently Winberry et al. also reported induction of G6PDH by insulin in cul tured liver cells (36) . But neither study provided information on the relation between induction of G6PDH and the regulation of lipogenesis. There fore, in this work using primary cultured hepato cytes of adult rats, we examined the hormonal regulation of G6PDH and its relation with short and long-term control of lipogenesis.
EXPERIMENTAL PROCEDURE Materials-The materials used for cell isola tion and culture were as reported previously (23 The purified enzyme had a specific activity of 148 units/mg protein and gave a single band on SDS-polyacrylamide gel electrophoresis (data not shown).
The overall recovery of G6PDH activity in this procedure was about 30%.
Results of a tvnical purification are shown in Table 1 . 
RESULTS
Induction of G6PDH by Insulin-Freshly iso lated hepatocytes of adult rats fed on laboratory chow ad libitum contained 18 munits of G6PDH/ mg protein.
This initial activity was maintained for at least 5 days during primary culture.
As shown in Fig. 2 , addition of 10-8 M insulin to the culture medium caused a marked increase in the enzyme activity.
The activity reached a maximum of about 5 times the initial value in 2 days after addition of insulin. When insulin was added at the start of the culture, G6PDH activity did not increase significantly during the 1st day.
We have shown that freshly isolated hepatocytes have im paired functions (23, 25, 30) and that they have only about half as many insulin receptors as intact liver cells (30) . This reduced number of insulin receptors on isolated hepatocytes may be why insulin did not cause an increase in the enzyme activity in the 1st day of culture. Since the impaired functions and reduced number of insulin receptor of the cells are restored after one day of culture, insulin was added 20-24 h after the start of culture.
The activity induced by insulin decreased toward the initial level when insulin was removed from the culture medium.
In all experi ments in this work dexamethasone (1 x 10-6M) was added to cultures to maintain viable cells. Therefore, we next examined whether glucocorticoid is necessary for the effect of insulin.
In this experi ment we also used serum-free medium, because glucocorticoid may be present in serum, although at very low concentration. Figure 3 shows the dose-dependence of G6PDH induction on insulin with or without dexamethasone in serum-free medium.
Induction of G6PDH was significant with a physiological concentration of about 10-9 M insulin and the induction increased with the con centration of insulin up to 10-8 M whether dex amethasone was present or not. Serum-free me dium did not affect the induction by insulin. Thus, stimulation of G6PDH activity by insulin is not dependent on the permissive effect of gluco corticoid or on any other factor in serum.
The effects of other hormones with or without insulin were examined. Neither glucagon nor bt2cAMP suppressed the induction of G6PDH by insulin (Table  II) . Similarly, triiodothyronine, adrenergic hormones and bt2cGMP had no effects on G6PDH activity with or without insulin. Induction of Synthesis of G6PDH Protein by Insulin-The titer of antibody specific to G6PDH, as described in "EXPERIMENTAL PROCE DURE," or the amount of enzyme precipitated by a known amount of antiserum was determined specific antibody, and the resulting antigen-anti body complexes were subjected to SDS-polyacryl amide gel electrophoresis. Figure 5 shows that the radioactivity was recovered on the gel in two main peaks, the first of which (Mr 56,000) corre sponded to G6PDH.
There was another broad radioactive peak, of which the highest radioactivity was found in the fraction of Mr 37,000.
Material in this peak also increased in cells treated Induction of Lipogenesis by Insulin-Besides inducing G6PDH, insulin also induced lipogenesis. Figure 6 shows that the rate of fatty acid synthesis increased about 7-fold in association with induc tion of G6PDH activity when 1-day cultures of hepatocytes were incubated with 1 x 10-8 mt insulin for 2 days.
In these experiments, lipogenic activity was assayed by measuring incorporation of [14C]-acetate into lipids in 2 h in hormone-free, serumfree medium, to avoid short-term effects of hor mones.
Maximum stimulation of the rate of fatty acid synthesis required at least 30 h of culture with insulin.
Thus, this stimulation was due to a long-term effect of insulin on lipogenesis via inductions of key lipogenic enzymes in rat hepato cytes.
Rat hepatocytes in monolayer cultures synthesized fatty acids from acetate at a rate of 6-9 nmol of acetate incorporated into fatty acyl groups per hour after incubation with insulin for 48 h. Just as insulin was the only hormone that induced G6PDH, it was the only hormone that induced lipogenic activity : glucagon and triiodo thyronine had no effect on fatty acid synthesis when added alone or with insulin (Table V) .
Dexamethasone slightly enhanced the induction of lipogenesis by insulin, but this may have been because it increased the viability of the cells (23) ( Fig. 7) .
The close relation between the inductions of G6PDH and lipogenesis is apparent from com parison of their dose-response curves to insulin (Figs. 3 and 7, respectively) .
This relations is further substantiated by the close correlation be tween changes in G6PDH and the rate of fatty acid synthesis shown in Fig. 8 . Short-Term Hormonal Control of Lipogenesis -As shown above, the main factor in long-term control of lipogenesis is insulin, probably owing to its inductions of many lipogenic enzymes. Glucagon had no effect in long-term control, but when glucagon was added during the period of assay of lipogenesis, it was found to be inhibitory, Fig. 8 
DISCUSSION
Liver is the primary site of synthesis of fatty acids in mammals, synthesizing as much as 50% to the total fatty acids of the body (45, 46) . Insulin is T. NAKAMURA, K. YOSHIMOTO , K. AOYAMA, and A. ICHIHARA known to play a central role in control of lipo genesis in rat liver (47, 48) , causing both rapid and long-term stimulation of lipogenesis. Its longterm effect is known to involve increase in the amounts of key lipogenic enzymes (3) (4) (5) (6) . G6PDH is a key lipogenic enzyme supplying NADPH for lipogenesis. Starvation of animals and then refeeding a high carbohydrate diet caused marked increase in G6PDH activity (11) (12) (13) (19) (20) (21) (22) . This induction of G6PDH has been shown to result from increase in the rate of enzyme synthesis (41, 49) , and it seems to be mediated by insulin, because in diabetic rats G6PDH activity did not change appreciably on refeeding unless insulin was injected (14, 19) . However, the following find ings do not support the idea of this role of insulin:
1) Insulin given without carbohydrate had no effect on the liver G6PDH level (20, 21) . 2) G6PDH was induced even when rats were fed on fructose diet, which does not cause release of insulin from the pancreas (22) . 3) Increase in liver G6PDH activity was directly proportional to carbohydrate uptake and so the induction by insulin might be attributed to its ability to stimulate carbohydrate consumption (20, 22) . Thus the role of insulin in regulation of G6PDH activity in vivo is still controversial. However, we and Winberry et al. showed that insulin induced G6PDH in primary cultured hepatocytes (35, 36) and in this work we showed that insulin is the only hormone that induces G6PDH. We also showed that induction of G6PDH by insulin was detectable with a physiological concentration of 10-9 M insulin and maximal with a concentration of 10-8 M.
Moreover, we found that the increase resulted from increase in the amount of enzyme protein as a result of increase in the rate of enzyme syn thesis. Rudack and Holten showed that glucagon or cAMP decreased the G6PDH level in starved rats refed on high carbohydrate diet (16) by reducing the rate of G6PDH synthesis (63) . Glucagon and cAMP were also found to inhibit synthesis of malic enzyme in primary cultured chick hepato cytes (59), ATP-citrate lyase in primary cultured rat hepatocytes (62) , and fatty acid synthetase in vivo (64, 65) . However, neither glucagon nor bt2cAMP suppressed induction of G6PDH by insulin in the present work.
Winberry et al. also reported that glucagon had no effect on G6PDH induction in primary cultured rat hepatocytes (36) . This does not mean that cultured hepatocytes do not respond at all to glucagon; we have shown that in primary cultured hepatocytes under similar conditions glucagon induced tryptophan oxygenase (28) , serine dehydratase (34), tyrosine aminotrans ferase (32) , and lysine-2-oxoglutarate reductase (29) , and inhibited the induction of glucokinase by insulin (27) . Thus, the present results seem to imply that glucagon and btpcAMP have no direct effect on G6PDH synthesis in vivo. Unlike other lipogenic enzymes which are suppressed by glu cagon, G6PDH is involved not only in lipogenesis but also in supply of riboside for nucleotides.
Thus hormonal control of G6PDH may be differ ent from those of other lipogenic enzymes.
Immunochemical study showed that induction of G6PDH activity by insulin is due to increased synthesis of enzyme protein and hence to increase in the amount of the enzyme. SDS-polyacryl amide gel electrophoresis showed a large radio active peak which comigrated with G6PDH. But in addition a second peak of Mr 37,000 was con sistently found.
The radioactivity in this second peak from both untreated and insulin-treated hepatocytes was proportional to that in G6PDH.
This suggests that this second peak was that of nascent G6PDH. Winberry and Holten also sepa rated a peak of nascent radioactive material from the liver of rats fed on high carbohydrate diet (41) , but the radioactivity in this fraction from cultured hepatocytes was much higher than that from liver of rats on high carbohydrate diet. The reason why more nascent G6PDH was found in cultured hepatocytes than in vivo is unknown. Possibly protein synthesis in these cells is partially blocked (23) (66) . Our prepa ration of hepatocytes consists mainly of paren chymal cells, because they retain various functions that are specific for parenchymal cells.
Insulin stimulates fatty acid synthesis in pri mary cultured hepatocytes in two ways, by longterm and short-term stimulations.
The long-term stimulation was detectable in hepatocytes after incubation for 1 day with insulin and reached a maximum after 2 days. The rate of fatty acid synthesis varied with the activity of G6PDH in these cultured hepatocytes.
This finding is con sistent with the idea that in rat hepatocytes, NADPH for lipogenesis is supplied mainly by the hexose monophosphate shunt.
It is also suggested that activity of G6PDH regulates lipogenesis in these cells, because glucagon did not inhibit lipo genesis stimulated by insulin, under conditions in which other lipogenic enzymes were suppressed, as described above.
In avian liver, however, supply of NADPH for lipogenesis seems to come from the malic enzyme system, because this enzyme has the highest specific activity of all key lipogenic enzymes in avian liver and its activity is increased 100-fold by insulin and triiodothyronine (59) . Moreover, lipogenic activity in chick liver, which is much higher than that in rat cells, is markedly stimulated by triiodothyronine as well as insulin. Thus, the regulation of lipogenesis in rat hepato cytes seems to be different from that in avian cells.
Although glucagon seems to play a minor role in long-term control of lipogenesis in rat hepatocytes, it strongly inhibited acetate incorpo ration into lipids when added for a short period. Even in cells with high lipogenic activity induced by long-term treatment with insulin, glucagon caused short-term suppression of fatty acid syn thesis, presumably by inhibiting supply of sub strates, since it was shown to inhibit acetyl-CoA carboxylase and the flow of citrate from mito chondria to the cytosol (7) (8) (9) (10) .
Under these con ditions insulin had only a slight stimulatory effect, insufficient to counteract that of glucagon. Re cently we found that insulin stimulated synthesis of core-proteins of very low density lipoprotein and the secretion of this lipoprotein by primary cultured hepatocytes and that there is a correlation between lipogenesis and synthesis of core-protein , K. YOSHIMOTO, K. AOYAMA, and A. ICHIHARA of lipoproteins (unpublished data). Thus , increase in lipoprotein secretion from the liver induced by insulin must result from stimulation of both lipo genesis and synthesis of core-proteins of lipopro tein.
